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CHAPTER I. INTRODUCTION 
Forms and Mechanisms of Superconductivity 
The phenomenon of superconductivity was discovered in 1911 by 
observing that several materials like mercury, lead and tin displayed 
zero resistance at temperature lover than a certain critical 
temperature, Tg, characteristic of the material. Such a characteristic 
can be demonstrated by measurements of persistent currents in 
superconducting rings. A lover bound of 10^ years for the supercurrent 
decay time can be set using nuclear resonance to detect any slight 
decrease in the field produced by circulating current. 
Beside the perfect conducting property, another important feature 
of superconductors — perfect diamagnetism — was discovered by 
Meissner and Ochsenfeld in 1933 [1]. They found that the applied 
magnetic field vas expelled from an originally normal sample as it vas 
cooled through T^. Superconductivity can be destroyed by a critical 
magnetic field vhich is related thermodynamically to the free energy 
difference betveen normal and superconducting states in zero field, 
that is, 
h2(T) 
fn(T) - fgCT) (1.1) 
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Besides the above definitive properties for superconductors, it 
vas also found that most superconductors exhibit a gap of vidth 2A 
centered at the Fermi energy. A increases in size as the temperature 
drops, leveling off to a maximum value 6(0) at very low temperatures. 
This leads to a picture that electrons are paired with each other, 
forming the so called Cooper pairs. From the correlation between the 
transition temperature and the isotope mass M, 
_ constant (1.2) 
it can be seen that the crystal lattice itself, is involved in the 
superconducting process. It is now well known that the electrons pair 
together because of the phonon interaction. Frohlich [2] was the one 
who first realized that while real phonon scattering is responsible for 
electrical resistivity, the electron-phonon interaction also affects 
the self energy of an electron as a result of the virtual emission and 
absorption of phonons. Physically, this type of interaction can be 
pictured as one electron pulling the (+) ions in its vicinity, thus 
deforming the lattice, creating phonons, and a second electron 
responding to this deformation, i.e., absorbing the phonon. 
Bardeen, Cooper and Schrieffer (BCS) [3] followed the approach of 
Frëhlich and advanced their famous BCS theory on superconductivity in 
1957. The BCS theory was the first microscopic picture of 
superconductivity, which successfully explained many experimental data. 
Cooper [4] first showed that the ground state of a normal metal is 
unstable with respect to an arbitrarily weak attraction of electrons on 
the Fermi surface, hence, it is advantageous for the electrons to 
condense into bound pairs with zero total momentum and spin. The 
electrons in the vicinity of the Fermi surface attract each other due 
to exchange of virtual phonons. The attraction is effective in a k-
space layer adjacent to the Fermi surface, whose energy width is of the 
order of the limiting frequency of phonon spectrum, i.e., of the order 
of Debye temperature. The approximation used in the BCS theory is that 
Vpp, the matrix element for attraction of Cooper pair electrons with 
momenta p and p', is assumed to be isotropic and constant in a narrow 
range of energies near the Fermi surface. The width of the range is 
taken to be equal to where (tj) is the Debye frequency of the phonon 
spectrum, and there is no interaction outside this range, thus, 
where ^ is the energy of an electron in the normal phase with momentum 
p. 
According to the BCS theory, when the superconductor is in the 
ground state all electrons are bound into Cooper pairs, the energy of a 
one-particle excitation is given as 
where Ap is a measure of the binding energy which can be determined by 
a self-consistency equation, 
(1.3) 
- (g + 4* (1.4) 
(1.5) • 
where Vpp, is the matrix element for attraction of Cooper pair 
electrons with momenta p and p'. 
In the BCS approximation, Ap ceases to depend on the momentum p. 
From Eq. (1.5), the two well known relations in BCS theory can be 
derived easily, 
6 = 2 (1^ exp 
V N(0) 
(1 .6 )  
and 
Tg = 1.14 0^ exp 
V N(0) 
(1.7) 
where N(0) is the density of electron states on the Fermi surface. 
and à are related by the equation 
2Û 
= T (1 .8 )  
and the BCS theory gives x a value of 3.52, which is in good agreement 
with experiments for many superconducting elements. 
Two important factors are being ignored by the BCS theory, namely, 
the Coulomb repulsion of electrons and the retardation effect in the 
electron-phonon interaction. By considering the Coulomb interaction 
between electrons, Bogoliubov et al. [5] showed that Eq. (1.7) should 
be modified to the form 
% 
T, = —exp 
V N(0) - \x 
(1.9) 
where X = VN(0), which describes the electron attraction, and 
* Vc N(0) 
M = (1.10) 
1 + VçN(O) ln(Ep/Rwb) 
is the pseudopotential that describes the Coulomb interaction by 
including V^, the matrix element of the Coulomb electron interaction on 
the Fermi surface. The logarithmic weakening of M* comes from the fact 
that the correlation length Ç ~ Rvp/A of the Cooper pair is much 
greater than the lattice parameter a, hence reducing the Coulomb 
repulsion. 
The quantitative theory for strong coupling superconductors has 
been constructed not on the basis of the BCS effective Hamiltonian for 
the electron-phonon interaction, but from electron-phonon interaction 
in higher orders of perturbation theory with frequency-dependent matrix 
elements, i.e., with consideration of the retardation effects, à is 
now a function of the transition frequency co. The superconducting 
transition temperature in this case is given as [6] 
T % _ = exp 
1.45 
1.04( 1 + X ) 
X - p*( 1 + 0.62X) 
(1.11) 
which reduces to Eq. (1.9) in the case of weak coupling (X « 1). It 
turns out that the quantity X is expressed in terms of the frequency 
distribution in the phonon spectrum, F(w), and through the effective 
square of the electron-phonon interaction matrix element, o^(w). 
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and the o^F value is given by the equation 
1 I <p|ej(q)9U|p'>|2 
or(w)F(w) = < - Z 5(w - W:(q)) > 
N qj 2May(q) ^ 
(1.13) 
in which Wj(q) and ej(q) are the frequency and the polarization vectors 
of the phonon branch with wave vector q = p - p', and U is the ion 
potential. The bracket < > denotes averaging over the angles of the 
vectors p and p' lying on the Fermi surface. 
X is a measure of the electron-phonon coupling in the metal. 
Superconductors with large X are called strong-coupling 
superconductors. The T values in eq. (1.8) of strong coupling 
superconductors are larger than the BCS value 3.52. For example, X for 
Pb (Tg = 7.2 K, Gb = 96 K, T = 4.3) and Hg (T^ = 4.25 K, 6^ = 70 K, T = 
.4.6) are 1.55 and 1.6 respectively, which are large in comparison with 
X = 0.38 for A1 (T^ = 1.17 K, E|J = 375 K, T = 3.4). The strong-
coupling theory permits correction to a number of expressions following 
from the BCS theory. For example, in strong-coupling theory, Eq. (1.8) 
will become 
là • 
^c ' 1 
— = 3.52 1 + C In 
Te . 
(1.14) 
where C is a constant of the order of unity, so the strong-coupling 
method leads to a correction of (Tj./<*^)2ln((«:^/Tç.). 
Another assumption used in the BCS theory is that electrons 
condense in pairs due to attractive electron interaction V(k,k'). The 
electrons of a pair have opposite wave vectors and spins. The pair 
states are symmetric in the interchange of k vectors of the individual 
electrons and antisymmetric in the interchange of their spins. That 
is, the electron pair has zero orbital angular momentum (1 = 0), and a 
singlet spin state wave function 1/2 [ |t4.> - This 
follows from the isotropic assumption of V(k,k'). However, V(k,k') .may 
be anisotropic in real cases. The spherical harmonic expansion of 
V(k,k') can have nonzero coefficients for 1=1 and possibly other 
higher order terms. Note that the parity for 1 = 1 is odd. According 
to the Pauli exclusion principle applied for orbital angular momentum 1 
= 1, the spin part of the wave function must be antisymmetric: this 
corresponds to the triplet states | t t >, 1//2 [ | t 4- > + | t > J 
and I 4 4 >. Such triplet state pairing is most likely to occur in 
superconductors with highly anisotropic potentials V(k,k'), like the 
lanthanide (4f electrons) and actinide (5f electrons) compounds. In 
these compounds the f electronic bands are narrow, and if the band 
width is so small that it is comparable with the Debye energy kgGj), 
conventional superconductivity is not possible due to the Coulomb 
repulsion. If however the pair wave-function has a node at the origin, 
as in the case for 1=1, the short range part of the repulsion is not 
felt, hence it will favor the triplet state pairing. 
The triplet states can be characterized into three main groups 
according to the behavior of the gap parameter on the Fermi surface, 
(i) The superconducting gap exists everywhere on the Fermi surface. 
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such as the conventional superconductor. The quasi-particle density of 
states has a gap. (ii) Axial-like: The superconducting gap vanishes at 
points on the Fermi surface near which it varies linearly. The quasi-
particle density of states at low energy varies quadratically with the 
energy, (iii) Polar-like: The superconducting gap vanishes at line on 
the Fermi surface near which it varies linearly. The quasi-particle 
density of states at low energies varies linearly with the energy. 
These three categories can be determined at least in principle by 
measuring physical properties such as heat capacity, sound attenuation 
or thermal conductivity at temperature much lower than the critical 
temperature. For example, for the isotropic triplet case, these 
quantities will vary exponentially as exp(-6/T), but for the axial-like 
and polar-like cases, those quantities obey power laws and vary as 
(T/A)3 and (T/A)^ respectively. It Is also possible to tell whether a 
superconductor belongs to triplet state pairing or not by measuring the 
Josephson step width under microwave radiation, this will be discussed 
in detail in chapter 3. 
Recently, many lanthanlde and actinide materials have been found 
to have anomalously large low temperature electronic heat coefficients 
y. There is general agreement that these anomalous large y values are 
due to the f electrons. These materials are known as heavy fermion 
system. The most well known ones are CeAlg, CeCu2Si2, UBeig, UPtg. If 
the large y is really giving a measure of the electronic density at the 
Fermi level in these heavy fermion systems, then the corresponding band 
width of the heavy electrons must be extremely narrow, some tens to 
hundreds of Kelvins. This fact starts the controversy of whether or 
not triplet state pairing can be found in some heavy fermion 
superconductors. Experimental evidence from ultra-sound attenuation 
[7], nuclear magnetic relaxation [8] and Josephson tunneling 
experiments [9] has been interpreted to show that UPtg and UBe^g are 
triplet state superconductors. In particular, both of them have been 
suggested to belong to the polar-like triplet state case. 
Unfortunately, this is not in agreement with the heat capacity 
measurement of UBe^g [10]: the heat capacity of UBe^g seems to vary as 
T^, instead of T^. No convincing experiment exists indicating an 
exotic state for CeCu2Sl2, although it has close phenomenological 
connections with UBe^g and UPtg. 
Bipolaronic Superconductivity 
Several superconducting materials have been discovered whose 
properties, at least at first sight, may possibly differ significantly 
from the BCS behavior. Among these we can name oxides with perovskite 
BaPb]^_jjBi^03 [11] and spinel Lii+xTlz-x^A* which is our major concern 
in this thesis [12]; chevrel phase alloys such as Eu^Mo^Sg [13], 
tungsten arid vanadium bronzes (M^WOg, M^VOg; M = Rb, K, Cs) [14], the 
doped semiconductor system Pbi_x_yNaxTlyTe [15], and the heavy fermion 
materials CeCu2Si2 [16, 17] and UBe^g [18]. 
The characteristic features of the above superconductors are: (i) 
relatively high values of superconducting critical temperature (except 
heavy fermion systems), up to 13 K; (ii) nonmonotonic dependence of 
on the composition value x, and transition to the insulating state at 
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some x; (ill) strong dependence of T^, as well as other superconducting 
parameters, on the disorder; and (iv) very high values of critical 
field Hgg. 
The apparent deviations from BCS behavior have stimulated the 
search for other possible mechanisms of superconductivity. One of the 
often discussed non-BCS pictures is the formation of localized electron 
pairs, known as bipolarons or local pairs. As the temperature is 
decreased lower than a certain critical temperature, the bipolarons in 
crystalline structures have the possibility, in theory, to undergo a 
superfluid phase transition similar to the one of ^He II, and, hence, 
to become superconducting. As in the case of ^He, an excitation 
dispersion of the form E(k) « ck is expected: a bipolaronic 
superconductor is gapless. 
These bipolarons are two tightly bound electrons which participate 
in the covalent bonding of pairs of preferred adjacent metal ions. 
These pairs of metal ions form the building stones of the crystal 
lattice. The strongly anisotropic character of the electron wave 
functions - frequently of 3d type - may render such bipolarons as 
extremely stable entities. The wave functions of the two electrons 
quasi localized on one and the other of the two atoms of such molecular 
sites are oriented principally along the axes of the molecules. The 
overlap of electrons belonging to two different molecular sites is thus 
very weak. Under the effect of strong coupling between the electrons 
and the vibrational modes of the individual diatomic molecules, these 
molecules decrease their Intramolecular distance. The energy of the 
electrons is lowered and in this self-consistent fashion they trap 
themselves in the form of quasi-bound state. 
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At finite temperature, the bipolarons diffuse through the crystal 
by thermal activation. At very low temperature, due to the (small) 
overlap of wave functions, the bipolarons can tunnel between adjacent 
molecular sites. According to Alexandrov and Ranninger [19], the 
Hamiltonian for bipolarons is given as 
H - P I S5 t E v^,55,55 - D (1.15) 
where v„„y is the effective bipolaron Interaction and t^g, is the 
effective bipolar hopping matrix element. Here m labels the cell which 
has two atoms to hold the bipolaron. The operator S is related to the 
bipolaron creation and annihilation operators (b^ and b^) according to 
the relations 
1 
bm = SS - 8% bX = --S^ (1.16) 
These S operators act in an imaginary space where the z component of 
"spin up" mean an empty cell, "spin down" means a full one, the number 
of bipolarons is given by the angle between the "spin" and z axis as 
1 
"b = < > = - ( 1 - cose ) (1.17) 
In Eq. (1.15) y is the chemical potential of the bipolarons, which 
plays the role of the external field. 
The bipolaron creation and annihilation operators satisfy the 
mixed Bose-Fermi commutation rules. 
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t.b;,b„ ]+ = 1 (1.18) 
I bm'bm' ]_ = 0 ( m M m' ) (1.19) 
That is, they behave like Fermions on the same site and like Bosons at 
different sites, so that any given molecular site can be either 
occupied by a single bipolaron or be empty. This is due to the strong 
on-site Coulomb repulsion which two bipolarons would experience when 
brought together on the same molecular site. The coupling is also 
assumed to be strong so that the single polaron state is unstable 
versus formation of bound polaronic states. 
The bipolaronic picture is quite different from BOS theory. Due 
to the Fermi-Dirac statistics, only a small number of electrons near 
the Fermi surface can participate in the Cooper-pairing. In a 
bipolaronic system all the electrons are paired. As we have noted, the 
excitation spectrum is gapless. A striking difference between BOS and 
bipolaronic superconductors is shown in the specific heat. For 
temperature well below T^, one expects the specific heat to be 
proportional to T^, in contrast to that of BCS superconductors, which 
is proportional to exp(~1.44 T^/T). For temperatures above T^, we can 
expect a significant difference between the two systems. In a BCS 
system, all Cooper pairs will be broken up above T^, and the metal 
returns to the usual Paul! susceptibility. In bipolaronic systems, the 
bipolaronic pair will remain above the superfluid transition, giving 
rise to a very strong diamagnetism. Alexandrov and Ranninger [20] 
have shown that Meissner effect exists for the bipolaronic system at 
temperature below T^, but the penetration depth was enhanced with 
respect to the London's penetration depth for BCS superconductors. 
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Kulik [21] has predicted the tunneling characteristics for such a 
bipolaronic system. For conventional tunneling between a bipolaronic 
superconductor and a BCS superconducting electrode, assuming the 
temperature to be lower than both critical temperatures, Kulik found 
that there was a current threshold at eV = U/2 + Ag, where ûg is the 
BCS energy gap, and U is the coupling energy of the bipolarons at the 
site. For Josephson tunneling between two bipolaronic superconductors, 
the current will display peaks at eV = ( + V2 )/2, and the a.c. 
Josephson supercurrent should persist up to voltages eV > U]^2 (and 
frequency Rw > U22 ), much higher than those in conventional 
superconductors (eV > 10^ mV, w > 10^^ s~^). Kulik did not give any 
prediction on Josephson tunneling between a bipolaronic superconductor 
and a conventional superconductor. Hence our present work on Josephson 
tunneling does not at present find a full published theoretical 
analysis for comparison. 
Authors have suggested several candidates for bipolaronic 
superconductors which Include Pbi_^_yNajjTlyTe, CeCu2Si2 [21], MJJV2O3 (M 
= Ag, Cu), KQ 3H0O3 and LiTi20^ [20]. LiTi20^ is our major concern in 
the present work. Ti^Oy was shown to be a bipolaronic conductor 
experimentally [22], but its superconducting behavior has not been 
proven. 
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CHAPTER II. SAMPLE PREPARATION AND CHARACTERIZATION 
Properties of LiTi20^ 
The spinel structure of the system Lii+xTi2_x04 (0 < x < 1/3) was 
first reported by Deschanvres [23] and the superconducting properties 
of some of its members were studied by Johnston et al. [12] in 1976. 
The peak value of temperature is 11.3 K at x=0. Such a transition 
temperature is relatively high in comparison with other oxide 
superconductors. For example, TiO has a transition temperature of only 
about 1 K. 
Beside the superconducting property of LiTi204 (0 < x ^ 0.1), 
Johnston also observed a metal - non-metal transition occurring for 
some value x between 0 and 0.1. Properties of the two end members of 
the family are totally different: LiTi204 (x = 0) is metallic and dark 
blue in color, while Li^/gTig/gO^ (x = 1/3) is Insulating and appears 
in the form of a white powder. 
At high temperatures, about 950 "0, the spinel system will be 
converted to the ramsdellite phase [24], which is insulating in 
property. This characteristic makes maintaining pure spinel phase in 
an effective sintering or any synthesizing process involving high 
temperature very difficult. Before the present work, most samples were 
made by sintering TiO, Ti02, Li2C03 powders in the right ratios, 
pressed together in a pellet form, at a temperature of about 750 *C. 
Because of the typically porous property of any sintered material, 
measurements of electrical properties are very unreliable. Tunneling 
experiments are nearly impossible on such a sample. 
The spinel structure for LiTi20^ provides many interesting 
features worthy of study. The overall picture of a unit cell is shown 
in Fig. 2.1. The oxygen atoms are arranged approximately in cubic 
close packing. Fig. 2.2(a) and (b) show two close-packed layers 
projected upon the cubic face. The Li atoms are in positions of four­
fold coordination within a tetrahedral group of oxygen atoms and the Ti 
atoms are in six-coordination within an octahedral group. (Fig. 
2.2(c)). We may picture the structure as a series of layers as shown 
by Fig. 2.2. The bottom layer of Fig. 2.2(a) has diagonal chains of Ti 
octahedra, which are linked laterally by Li tetrahedra lying 
alternatively above and below the heavily outlined oxygen atoms. In 
the next layer, Fig. 2.2(b), the direction of the chains is normal to 
the first. Four such layers make up the complete unit cell; the 
heights of the Li atoms are shown in Fig 2.2(d). Each oxygen atom is 
linked to one Li atom and three Ti atoms. The structure is built of 
tetrahedra and octahedra and every oxygen is common to one tetrahedron 
and three octahedra. 
The lattice parameter for LiTi20^ was determined to be 8.405 Â, 
arid falls gradually to a value of 8.360 Â as x increased to x = 1/3. 
This provides a possible means to determine the composition value x by 
measuring the lattice parameter with x-ray diffraction. All members in 
the system possess the same crystal structure, but Johnston [24] found 
that the.value of lattice parameter deviated from a linear dependence 
upon composition for. x < 0.1. 
The resistivity at room temperature of the spinel phase between x 
=0.1 and X = 0.2 can be three orders of magnitudes higher than that of 
Fig. 2.1. Crystal structure of LiTl20^. Each unit cell is formed by 
32 oxygen atoms arranged in cubic close-packed order, 8 
lithium atoms occupying the tetrahedral holes, and 16 
titanium atoms in the octahedral holes 
17 
A [ Bg] O4 Spinel 
8.405 A 
OA •B O Oxygen 
Fig. 2.2. Layer structure of LiTi20^ unit cell 
(a) A close-packed layer projected upon the cube face 
(b) The second close-packed layers. Four such layers make 
up the complete unit cell 
(c) Tetrahedral and octahedral holes 
(d) The heights (layer numbers) of the lithium atoms are 























X = 0. As the temperature is lowered from 300 K, the resistivity shows 
a rapid increase for x = 0.1 and x = 0.2. In contrast to this, the 
resistivity for LiTi20^ increases only slightly until the 
superconducting transition occurs. Johnston [24] concluded from these 
results that a metal-semiconductor transition occurs between x = 0 and 
X = 0.1. 
The low temperature heat capacity has been measured by McCallum et 
al. [25]. For LiTi20^, at temperatures above 10 K, after subtraction 
of terms due to superconductivity and lattice vibrations, the 
electronic contribution to the specific heat capacity was proportional 
to temperature. The r and g values in the conventional expression were 
determined to be 21.4 mJ/mole-K^ and 0.043 mJ/mole-K^ respectively. 
The Debye temperature was calculated from g as 685 K. The critical 
temperature for the sample used by McCallum was measured to be 11.7 K, 
and ÛC/VTj, had a value of 1.6, slightly larger than the BCS predicted 
value of 1.43. 
The heat capacity for Li^/gTig/gO^ showed almost no electronic 
contribution with y = 0±0.05 mJ/mole-K^ and (3 = 0.060±0.001 mJ/mole-K*. 
% in this case was 610±4 K. For the x = 0.2 (Li^ 2TI1.8O4) sample, a 
Schottky anomaly appeared at low temperature so that the temperature 
dependence of heat capacity has the.form 
« o 
C = (—7) + 2T + epj (2.1) 
T^ 
with a and y determined to be 29±2 mJ-K/mole and 3.7+0.3 mJ/mole-K^ 
respectively, by assuming the value of g to be 0.060 mJ/mole-K^, as in 
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Li^/gTig/gO^. McCallum et al. [25] suggested that the Schottky anomaly 
originated from localized Ti^* moments with a concentration of 1-2 mole 
%, which was also observed in the magnetic susceptibility measurements. 
Magnetic susceptibility measurements showed that for all 
compositions studied within the homogeneity range of the spinel phase, 
the susceptibilities are nearly temperature independent over most of 
the range below room temperature. This indicates that if a composition 
induced metal-insulation transition does occur at x - 0.1, this 
transition is not accompanied by localization of the electrons outside 
closed shells. 
The magnetic susceptibility measurements determined that the band 
effective mass of a conduction electron in LiTi20^ was large, with a 
value of m* = 9.4 m^, indicating that the conduction electrons in this 
compound were of d-character. Since the titanium provides the only 
cations of d-character, the d bands must arise from orbitals on these 
cations. Besides the narrow band effect, the large susceptibility 
measured may also be due to some kinds of electron interactions which 
will be discussed later. 
Since all titanium cations are situated in the oxygen octahedra, 
the conduction electrons from the Ti^* Ions will form a conduction 
sublattice along these octahedral sites. The five-fold orbital 
degeneracy of a d^ cation situated in an oxygen octahedron is lifted, 
due to the crystal field of the coordinating oxygen atoms, forming eg 
and t2g crystal field states separated by a gap energy of about 2.5eV 
[12]. That is, removing the original five-fold orbital degeneracy 
results in low-energy threefold orbitally degenerate t2g states and a 
twofold orbitally degenerate eg states. In the spinel structure, the 
t2g orbitals of one transition cation are directed toward neighboring 
octahedral site cations. Therefore, the t2g orbitals would be the 
primary orbitals from which a conduction band is formed in LiTi204 
(Fig. 2.3(a)). A deviation in the composition of the spinel Lij_^jjTi2_ 
from X = 0 will result in the substitution of a fraction x/2 of the 
titanium cations by lithium cations. The presence of Li^* in the 
octahedral sublattice of the Li-Ti-0 spinel should tend to inhibit 
electron conduction along this sublattice. 
The above picture was further investigated by Harrison [26], 
Harrison et al. [28] and Edwards et al. [27], using the ultraviolet 
photoelectron spectroscopy (UPS) on powder specimens. His method of 
sample preparation was similar to that used by Johnston. The He I 
ultraviolet photoemission spectra of LiTi20/^ and Li^/3Ti5/30^ published 
by Harrison çt al. are shown in Fig 2.2a and 2.2b. The Fermi-edge for 
LiTi20^ can be clearly seen, confirming the metallic nature of LiTi20^ 
as expected, this feature is not present in the sample of insulating 
^^4/3^15/304- The strong feature (the highest peak) peaking at just 
over 5 eV below the Fermi energy is associated with the full 0-2p 
valence band. The intrinsic band width appears to be about 6 eV for 
both LiTi20^ and Li^y^TigygO^. 
The spectrum of LiTi20^ has a prominent peak to low binding energy 
of the 0-2p valence band which terminates in a sharp edge at the Fermi 
energy. The width of this edge is estimated to be 125 meV. Harrison 
et al. also noticed that an unusual extra peak in the density of 
occupied states occurs ~ leV below the Fermi energy, and suggested the 
Fig. 2.3. Energy bands and its UPS study for LiTi20^ 
(a) Schematic band structure for Li2^^Ti2_x04 proposed by Edwards et al. [27], 
according to the UPS measurement 
(b) He I ultraviolet photoelectron spectra of Li^/gTi^/gO^ (insulator) and LiTi20^ 
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possibility of electronic interaction of carriers with each other or 
with the lattice vibrations to form quasi-particles with a 
stabilization energy of about 1 eV. The density of states at the Fermi 
energy was estimated from photoelectron spectrum to be 0.25 eV^atom"^, 
which is only about 1/30 of that estimated by Johnston from heat 
capacity and susceptibility measurements (It is a bit difficult to 
assess the accuracy of this result). Harrison suggested that the 
photoemission density of states may indeed be reduced by the quasi-
particle mechanism, and that the magnetic susceptibility of 117120^ is 
enhanced, not by virtue of a high effective mass arising from a narrow 
t2g conduction band but instead by electron interactions with other 
electrons or with lattice vibrations. The actual density of states at 
the Fermi energy may well be comparable to the free electron value. 
The observations of Harrison provided the first evidence for 
electronic interaction of an unusual type in the material. 
Furthermore, another titanium oxide Ti^O^, which has half the cations 
as Ti^* (3d^) and the other half as Ti^* (Sd^), was reported before to 
be a bipolaronic conductor [22, 29]. As mentioned in chapter 1, the 
bipolarons may be regarded as covalently bonded (Ti^"*" - Ti^*) pairs, 
which move by transfer of the electrons and the attendant distortion 
from one pair of ion sites to an adjoining pair of sites. This 
situation is very similar to that of LiTi204, which makes us wonder 
whether a new type of superconductivity, due to bipolaronic pairs, 
could exist in this compound. The possibility of bipolaronic 
superconductivity was also raised by many other authors [20, 21, 30]. 
This motivates us to investigate the superconducting properties of 
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LiTi20^ by tunneling techniques. With Josephson tunneling to a 
superconducting Nb tip, ve can study the pairing mechanism of the 
material, and with vacuum tunneling to a lead electrode, we can study 
the superconducting quasiparticle gap structure of LiTi20^. 
Sample Preparation 
Samples of were first prepared [24] by sintering 
together mixtures of lithium titanate and titanium oxides at a 
temperature of about 750 "C, 
(l+xjLigTiOg + (l-3x)Ti203 + (l+3x)Ti02 =» 2Lii+xTi2_x04 (2.2) 
The lithium titanate Li2Ti03 can be obtained either commercially or by 
heating lithium carbonate and titanium dioxide at high temperature ( > 
700 "C) in the formula weight appropriate to the reaction 
Li2C03 + Ti02 Li2Ti03 + 002? (2.3) 
Since the titanium ion has the highest oxidation state (+4) in Li2Ti03, 
process (2.3) can be performed in open atmosphere. 
Two precautions must be taken for the sintering process (2.2). 
Since the oxidation state of the titanium ion in LiTi204 is 3.5, it can 
be oxidized easily to the +4 state at high temperature. Hence the 
pressed pellet mixture of Li2Ti03, Ti203, and Ti02 must be heated in 
vacuum or under an inert atmosphere, such as argon gas. We have done 
this by two different methods. The first, static method, is to seal 
the pellet in a quartz tube in the argon atmosphere or in vacuum. In 
the other case one puts the pellet into a tube with a continuous flow 
of argon gas or in a continuously pumped vacuum (dynamic). According 
to Harrison [26], samples are unstable when exposed to air if they have 
been fired in a sealed system, which forces them to remain 
stoichiometric during the firing. Samples are stable when exposed to 
air if they have been fired in an open system and are therefore able to 
lose material during firing, presumably lithium and oxygen. If a 
dynamic system is used to fire the pellet, care must be taken to 
prevent leakage in the system, as a very small leak can cause a total 
oxidation of the sample. The temperature of firing, should never 
exceed 850 °C, otherwise, the sample will convert into the ramsdellite 
phase, which is an insulating phase. This transition makes effective 
sintering very difficult. Samples made in this way are generally poor 
in quality for conductivity measurements. 
In order to do tunneling experiments on such a material, Inukai et 
al. [31] attempted to prepare superconducting LiTi20^ thin film using 
r.f. magnetron sputtering method and subsequent heat treatment. The 
r.f. magnetron sputtering method was used in order to make the 
composition difference between films and target small. The target was 
a ceramic LiTi20^ disc prepared by r.f. hot pressing a mixture of 
Li2Ti20g and Ti203 at 900 °C for 6 hours in an Ar - 10% H2 gas 
atmosphere [32], followed by annealing at the hot pressing temperature 
to prevent formation of cracks. Thin films were deposited at a 
substrate temperature of 250 'C, with a sputtering power of 260 - 460 
W, and a pressure of 0.5-12 Pa. The authors claimed that uniform films 
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show metallic conduction and have a resistivity of (4.3 - 8.8) x 10"^ 5 
cm at 15 K and a superconducting critical current density of 1.2 x 10^ 
Â cm~^ at 4.2 K. It was also found that the films have superconducting 
transition temperatures of 10.9 - 11.5 K. Unfortunately, the published 
X-ray diffraction patterns deviated substantially from the ideal 
LiTi20^ spinel phase pattern. First, they had large impurity peaks at 
20 ~ 22°. Second, and more serious, only the 20 ~ 18° peak was clearly 
seen and all other spinel peaks nearly disappeared. Even though some 
of them can be seen, they have Incorrect relative intensities. This 
may due to the wrong positioning of the lithium and titanium atoms 
during the sputtering process, and it seems that the annealing process 
falls to correct the situation for sputtering films. 
The above consideration forced us to abandon the whole scheme of 
making artificial tunnel junctions out of a sputtered LiTi20^ thin 
film. The approach we adopted is the use of bulk samples in Josephson 
tunneling (point contact) and quaslpartlcle tunneling (vacuum 
tunneling) experiment. In order to do this, it was necessary to 
synthesize high quality, dense Liti20^ bulk samples. 
Foner and HcNlff [33] first fabricated Li-Tl-0 compounds by the 
arc-melting technique and studied their magnetic properties. They 
simply arc-melted various proportions of LI2CO3, TIO2 and Ti metal 
together to form ingots for measurements. They reported that 
reproducible superconducting properties were obtained for the same 
nominal starting compositions. They never attempted to analyze the 
structure of their sample, or to synthesize the Llj_|_jjTl2_}jO^ system in 
its spinel phase. 
Foner's method provided a hint to us to produce condensed LiTi20^ 
ingots by using the arc-melting technique. We first made LiTi20^ 
pellets by process (2.1), and then arc-melted the pellet. The ingot 
was insulating in property with X-ray diffraction patterns similar to 
that shown in Fig. 2.4(a). This pattern, which remains unindexed, is 
not the spinel. Mass losses during the arc-melting processes were in 
general quite serious, due to the spitting of material from the 
samples. 
In order to.recover the proper spinel phase of the Li-Ti-0 system, 
we annealed the ingot in a sealed quartz tube with argon atmosphere (or 
vacuum) for a long period of time to allow rearrangement of atoms to 
take place. The annealing temperature started at 1000 °C, and was 
gradually decreased at a rate of about 30 "C per week, through the 
spinel-ramsdellite transition temperature of 900 "C, to 750 °C. The 
sample was further annealed at 750 °C for another month. 
After the above annealing procedure, the ingot was shown to have 
the proper spinel structure by X-ray diffraction and the correct 
superconducting transition temperature by a.c. susceptibility method. 
The density of the ingot was also estimated by simple measurement, and 
it was 99.3% of the theoretical value. 
We did not study the difference between annealing the ingot in 
vacuum and in argon atmosphere in detail. Since the samples were 
annealed in a sealed quartz tube, we did not expect to see a 
significant difference between these two conditions. The samples we 
prepared were much denser than the pellet samples from sintering 
method, Harrison's argument should not be applied to our samples. That 
Fig. 2.4. X-ray diffraction patterns of LiTi20^ and its arc-melted ingot 
(a) X-ray diffraction pattern of arc-melted LiTi20^ before annealing. The 
corresponding crystal structure is not known at this stage 
(b) After annealing the arc-melted LiTi20^ ingot for several months, most of the peaks 
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is to say, although our samples were annealed in a sealed quartz tube, 
they should be stable when exposed to air, although all samples were 
stored in argon atmosphere for safety reasons. 
The sample we used in Josephson tunneling was annealed in vacuum, 
and the vacuum tunneling sample was annealed in argon atmosphere. 
Sample Characterization 
Samples were characterized and confirmed by three methods, namely. 
X-ray diffraction, a.c. susceptibility for superconducting transition, 
and density measurement. X-ray diffraction can tell us whether the 
samples have the proper spinel structure or not. A.c. susceptibility 
measurement can confirm that the samples are superconducting and have 
the right transition temperature. By measuring the density of the 
samples, we avoid the undesired possibility of porosity. 
The Cu Kjjj line (wave length 1.54178 Â) was used for X-ray 
diffraction. The diffraction pattern of the ingot was shown in Fig. 
2.4(b), one sees only a slight amount of impurity peaks, the most 
significant one occurred at 26 ~ 25°. The relative intensities of the 
labelled peaks were close to that of the ideal spinel given by 
Johnston [24]. 
The lattice parameter of the sample was calculated from the 
diffractometer trace by a least square fit program. The value vas 
calculated to be 8.4030 ± 0.0006 Â, from the diffraction pattern in 
Fig. 2.4(b). Such a value agrees with the data reported by Johnston 
[24]. From the lattice parameter versus composition curve given by 
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Johnston [24], such a value of lattice parameter implies a composition 
of X s 0.0. This further confirms the quality of the samples we made. 
Superconducting transition temperatures can be measured with a.c. 
susceptibility technique. The pick up signal versus temperature curves 
were shown in Fig. 2.5. The lower curve is for the sample annealed in 
argon gas, while the other is for vacuum annealed sample. It can be 
seen that both samples have essentially the same transition 
temperature. For the sample we used in the Josephson tunneling 
experiment, which was annealed in vacuum, the critical temperature T^ 
was measured to be 11.3 K with a width between 10% and 90% points of 
0.6 K. This value is closely consistent with the value claimed by 
Johnston [12]. This showed us that most parts of the sample we made 
were superconducting at the correct critical temperature. 
The theoretical value of density can be easily calculated from the 
atomic weights of lithium, titanium and oxygen, together with the 
lattice parameter. The density for LiTi204 is estimated to be 3.729 
g/cm^. The actual density can be known by measuring the weight of a 
small piece of sample and the weight loss when the sample is dipped in 
a standardized solution like methylene iodide with a density of 
3.310±0.005 g/ml. The density of the sample is given as 
W 
P = Pf (2.4) 
AW 
where W is the sample weight, AW is the weight loss and pj is the 
density of the solution. 
Fig. 2.5. Â.c. susceptibility measurement of the argon and vacuum annealed samples after 
annealing for several months. The curves show superconducting transitions for both 
samples at about 11.3 R 
AC SIGNAL (ARBITRARY UNIT) 
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The actual density of the argon annealed sample was determined to 
be 3.702 g/cm^, which accounted for 99.3% of the theoretical value. 
The value for the vacuum annealed sample was even closer to the 
theoretical value, which was measured to be 3.722 g/cm^. The largest 
error in such a measurement is probably due to voids or bubbles within 
the sample. These bubbles can only cause a larger value of weight loss 
and hence a smaller measured density. Therefore we believe the 
above measured values give a very conservative lower bound on the 
density of the sample we made. 
We can conclude from the above sample characterizations that we 
had successfully synthesized LiTi20^ ingots with density very close to 
the theoretical value. We expect such a dense sample to be very 
suitable for measurements on electrical properties like conductivity, 
and these were the samples we used for tunneling experiments. 
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CHAPTER III. JOSEPHSON TUNNELING EXPERIMENT 
Josepbson Tunneling Experiment and Pals' Theory 
When two superconductors are weakly coupled together, it is 
possible for a Cooper pair to tunnel through the weak link from one to 
the other, to form a supercurrent with infinite conductivity. This 
phenomenon is known as the Josephson tunneling, because it was first 
proposed by Josephson [34] in 1962, and was proved experimentally to be 
correct by Anderson and Rowell [35] in 1963. This opened not only a 
new important chapter of physics, but also new horizons for a wide 
variety of stimulating applications. 
A weak link can pass small resistanceless supercurrents, the 
critical current density being typically 1 A/cm^, which is, of course, 
much smaller than that of a bulk superconductor. The so-called weak 
link can be experimentally constructed by two major methods. The first 
is to reduce the cross section, i.e., make a constriction in a 
superconductor. This may be done by using a thin-film geometry [36] or 
by using the small-area contact between two pieces of bulk 
superconductors when they are pressed into contact with each other [37, 
38]. The dimension of such contacts is typically of the order of pm. 
In our present experiments, the point-contact technique was applied, 
which belongs to this category of experiments. Alternatively, the weak 
link between the two superconductors may be made of a substance which 
is not superconducting. Such a link can be a thin insulator barrier (~ 
20 A) or normal metal ( ~ 5000 A) [39]. 
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There are two different approaches for the microscopic theories of 
Josephson effect, namely, perturbation theory or the Green's function 
method. The idea behind the perturbation method is that if the 
coupling is weak, it may be treated as a small perturbation on an 
unperturbed system consisting of two isolated superconductors, hence 
the Hamiltonian of the system can be written in the form 
H = Ho + H? (3.1) 
where 
"t- : (W£«^q» * VqA«) (3 2) 
Pill" 
and Hg is the Hamiltonian of the unperturbed system, consisting of two 
isolated superconductors, k and q are used to distinguish operators in 
the two superconductors and a is a spin index. 
The current through the weak link is related to the rate of change 
of the number of electrons on one side of the link 
d 
I = e — <C E Ck,)> = ie <[H, + H^, S !> 
dt kff kff 
- > (3 3) 
since <H„, I Cj, . 0 
kff 
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due to the conserved number of particles in an unperturbed system. 
The expectation in Eq. (3.3) vanishes for an unperturbed system. 
To obtain the lowest nonvanishing term, we have to apply the equation 
<A(t)> = <A(t)>-  -  i  
f t  
exp(Ht')  <[A(t) ,  HT(t ' ) ]>o dt '  (3 .4)  
where < >Q is the unperturbed expectation value and ri -* 0+. 
Substituting Eq. (3.3) and with A(t) = I(t) into (3.4), we have 
I(t)> = -2e Re Z 
kqe . 
dt'exp(nt ' )  X (|Tkq|2[G2( t ' , t )G>(t , t ' )  
G^(t ' , t )G<(t , t ' ) ]  +  TkqT-k-q[Fk^(t ' t ' )Fq( t ' ' t )  "  
Fk<(t,t')Fq(t',t)l} (3.5) 
where 
G&(t, t ' )  =  _ i<Ckp(t)C&,(t ' )> 
F&(t , t ' )  =  <Ck^(t )C_k^(tO> =  -<Cki ( t )C_kf( t ' )>  
Pk>(t , t ' )  = <Cj^t<t)CÎk4<(t ' )> = -<C%i(t)CÎkf(t ' )>  (3 .6)  
and G^, F^, and can be obtained from (3.6) by interchanging the 
order of the operators and multiplying by -1. For a grand canonical 
ensemble, we have [40] 
Gfc(t , t ' )  =  exp[- iMj^(t- t ' )1  J°dw exp(- lw(t- t ' ) ] (±i )Ai^(w)f(±w) 
40 
F&Xt,t') = exp{-l[W|j(t+t') - \(0)]} d coexp I-i (o( t -10 w) f ( ± w) 




f(w) is the Fermi factor [exp((3w)+l]~^. On inserting (3.7) in (3.5), 
we got an expression for the tunneling current, 
I(t) = 2e Im E 
kg or 
dWj^ deo2[/(&>i)/( 002) 1 x 
fUkql 
2 Ak<*ï)Aq(W2) 
-  w + iv i  
V<"1> 
+ exp[-iA+(t)]TkqT_k,_q — } 
"• w + i 
(3.8) 
The first term involving A in (3.8) corresponds to the quasiparticle 
tunneling current, and the second term involving the B spectral 
function is the supercurrent contribution of the weak link. The second 
term can be written in the form 
Ig(t) = Im{Ii(w)exp[i6*(t)]) 
= Im{Ii(w)exp[i6*(0) + 2iwt]} (3.9) 
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For w = Mq - Mit = 0, Ig(t) = Ij(0)slnû<j)(0), there is a constant 
supercurrent determined by the phase difference, even the bias voltage 
V is 0. The weak link thus behaves like an ordinary superconducting 
wire in this case. When V 0, the supercurrent oscillates 
sinusoidally with angular frequency 2w, this is a characteristic 
property of the weakly coupled system. This forms a basic difference 
between weakly coupled superconductors and a superconducting wire: when 
a bias voltage is applied across a superconducting wire, the current 
through the wire continues to increase (instead of oscillates) until 
the wire is driven into the normal state. 
There are two basic properties of a superconducting weak link, 
which are the alternating supercurrent discussed above, and the 
characteristic interference effect produced by a magnetic field. As we 
have seen, the alternating supercurrent arises because a potential 
difference makes the phase difference time dependent. The interference 
effect is due to the spatial phase variation caused by the external 
magnetic field. Our major concern here is the alternating 
supercurrent, because it provides a basic means for the study of spin 
pairing in superconductors. 
Summarizing Eq. (3.8) and Eq. (3.9), we have 
J = Im {J(V)exp[i(A+)]} + J„(V) (3.10) 
where 




R = 2eV (3.12) 
at  
If V is a nonvanishing constant, the time average of exp[i6*] will be 
zero, since A* increases linearly with time. In reality, V is time 
dependent because of the presence of the alternating supercurrent. Let 
us assume that no energy is dissipated in the supercurrent, and divide 
up both V and Jg into two components, an average value and oscillations 
about that average, that is, V = Jg = Jg^ + Jg^. Then we 
In an important application of this relation, is an oscillating 
voltage produced by an external microwave field. If the frequency of 
the microwave field is equal to that of the alternating supercurrent, 
then jjgg nonzero average and a finite Jg^c result. Therefore 
one can expect the width of the step to be equal to 
Such a structure was first observed by Shapiro [41]. 
In 1976, Pals et al. proposed the use of Josephson tunneling to 
study the pairing state of superconductors, such as UgFe [42-45]. As 
was discussed in Chapter 1, according to the BCS theory, electrons 
have 
ydcjdc ^ yacjac) ^  q 
or = - (vBCj*C)/vdc (3.13) 
Rw 




condense in pairs in which the electrons have both opposite wave 
vectors and spins. Hence, the pair states are symmetric in the 
interchange of k vectors of the individual electrons and antisymmetric 
in the interchange of spins. These features are due to the assumption 
of an isotropic attractive electron-electron interaction V(k,k'). 
However, if V(k,k') is expanded in terms of spherical harmonics, terms 
of even as well as odd parity may arise. Terms of even parity will 
favor spin-singlet pair formation, whereas odd-parity terms may lead to 
spin-triplet formation. Whether spin-triplet states actually occur in 
superconductors is still an unanswered question, but a large number of 
possible triplet superconductors have been suggested since 1960. 
The wave function of a singlet-pairing superconductor is symmetric 
in the interchange of the space coordinate of the pair electron. This 
interchange is equivalent to a reversal of sign of the two wave vectors 
k and -k attributed to the electrons in this pair. The wave function 
is antisymmetric in the interchange of spins in the pair. It is the 
other way around for a triplet state superconductor. Therefore, we 
have 
< C&f(t) C^kift') > = < C+kf(t) C&^(t') > 
= -< CkjXt) C&f(t') > (3.15a) 
for singlet, and 
< Cqt(t) C_q^<t') > = -< C_qf(t) Cq^(t') > 
= < Cqi(t) C_qf(t') > (3.15b) 
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for a triplet state. If we substitute (3.14b) into (3.5), we observe 
that the terms with wave vectors k, q and -k, -q cancel out. 
Therefore, the total phase-dependent current in second order is zero in 
the case of tunneling between a singlet-pairing and a triplet-pairing 
superconductor. Pals and Graat [42] also showed that the above 
conclusion was still correct even under the situation that spin flip of 
the tunneling electron occurred under the existence of some magnetic 
ions like Fe, Co, Ni, or Mn. 
The next higher order term in the current expression is of fourth 





Hence, when microwaves are applied, Josephson steps with half the 
conventional width; 
Rw 
ÛV = — (3.17) 
4e 
should be observed. On the other hand, for Josephson tunneling between 
superconductors of equal spin states, either singlet or triplet, the 
original Josephson step Eq. (3.13) should be used. 
It is possible for terms of even and odd parity to exist at the 
same time in the spherical harmonics expansion of V(k,k'). Therefore, 
mixed singlet and triplets pairs might occur. However, Balian and 
Werthamer [46] pointed out that although it was mathematically possible 
for such a mixed character to occur, it was physically very unlikely. 
Also, none of the symmetry relations (3.14) hold for such a mixed 
state. Hence observation of either (3.13) or (3.16) will distinguish 
the case from the mixed states. The above argument provides a very 
useful and convenient means to probe the pairing state of 
superconductors. In a typical experiment, a pin of a superconductor 
with known pairing state (such as Nb, etc., known to be singlet state 
pairing) is used to contact the sample with unknown pairing state. If 
typical Josephson steps (3.13) are observed, the material must be in 
the singlet state. If no supercurrent is observed (the instrument may 
not be sensitive enough to observe the fourth order current term) or 
Josephson step of half the conventional width are observed, the 
material must have triplet state pairing. 
Pals et al. [45] used the above technique to probe the pairing 
state of UgFe and Noer et al. [47] used the same technique to study 
Lu2Fe2Si2. Both experiments indicated that these two superconductors 
belong to singlet pairing. Wolf et al. [48] and Han et al. [9, 49] 
have recently used this method to study the interesting heavy fermion 
systems, UBe^g and CeCu2Si2 , and the authors raised the possibility of 
triplet state pairing for UBei^ [9]. 
In the present experiment, we apply Pals' method to study the 
pairing state for LiTi20^. As pointed out in previous chapters, an 
ultraviolet photoemission study of LiTi20^ [27] showed an anomalous 
peak in the t2g band ~ 1 eV below Ep. One explanation offered [28] for 
this anomalous peak was in terms of electron-electron quasiparticles of 
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stabilization energy ~ 1 eV. This initiated our interest to 
investigate the pairing mechanism for such a quasiparticle. 
Experimental Set Up 
The set up consisted of basically a gear box which controlled the 
Nb pin in contacting the sample, mounted outside a small hole in the 
microwave guide (Fig. 3.1). 
The gear box had a worm gear-screw arrangement so the contact 
could be adjusted via a control rod from outside the dewar. The Nb pin 
was hand ground to a sharp point, and mounted on a 0-80 screw with a 
brass adapter F (Fig. 3.1). A single lead wire was attached to the 
bottom of the superconducting Nb pin by silver paint. Strictly 
speaking, the measurement at this time was a three terminal 
measurement, instead of the standard four point measurement. But since 
the lead we used was quite short and thick, it was shown in a test run 
that the contact resistance due to such an arrangement was very small, 
with a value less than 1/500 Q. 
The 0-80 screw holding the pin was threaded through the wheel gear 
B, and it was locked outside the gear box by a locking plate D, so that 
it could not turn. Longitudinal motion of the pin was produced by 
turning the gear wheel B, and the gear wheel was turned by the worm 
gear A, which is connected to outside by a long thin wall stainless 
steel tube. 
The sample was mounted to a block made with Diallyl Phthalate 
metallurgical molding resin by Buehler Ltd. The organic resin has 
Fig. 3.1. Gear box for point contact experiment. The sample was 
mounted outside the 1.5 mm hole and insulated from the 
waveguide. The Nb pin, mounted on an 0-80 screw, can be 
driven towards and away from the sample using a worm gear-
screw arrangement operable via a control rod from outside 
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copper flakes dispersed in it, hence the block itself is conducting. 
The sample was mechanically polished smooth with isoprophyl alcohol as 
lubricant. Caution had been taken not to use water as lubricant to 
prevent reaction between water and the sample. The resistivity of the 
block was assumed to be small, but no literature value had been gotten. 
Separate copper current and voltage leads were attached to the block 
with silver paste. 
In the first few runs, results were unsatisfactory due to large V 
m 0 "series resistance". This spurious series resistance made the 
Josephson step very unclear, and it was difficult to make accurate 
measurements of the step width. According to Pals' explanation, such a 
resistance can occur in the polycrystalline sample due to the grain 
boundaries in the polished (mechanically damaged) surface [42]. To 
solve this problem, we evaporated two large films of lead electrode on 
the mounting block's surface (overlapping the superconducting sample) 
so that only a small area on the sample remained uncovered for the pin 
to make contact. Most of the grain boundaries were bypassed by these 
superconducting electrodes, and their resistance should have no 
contribution to the measurement. 
If the Josephson steps are deformed for some reasons, we can apply 
Pals' simple model to recalculate the step width. The method is to add 
resistances Rg and Rp in series and in parallel to an ideal Josephson 
junction, respectively. The Josephson step width was given by 
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Rg Rg 
Vq B [ 1 + — ] (3.18) 
Rp Rm 
where Is the measured width, R^, is the ohmlc resistance of the 
junction. Rg can be measured as the resistance of the vertical part of 
the step, Rp can be known by measuring the resistance of the horizontal 
part of the step <R//), 
RGRN 
R// =  ^ (3.19) 
Rs + Rp 
Since Rp > R^, we can expect that the measured step width is always 
slightly larger than the actual one. 
The sample was pressed tightly against a small hole of diameter 
about 1 mm in the waveguide so that the microwaves could come out to 
interact with the sample. The frequency of microwaves used was fixed 
to be 25.2 GHz, in comparison with 34.3 GHz used by Pals. 
There was an adjustable short mounted at the bottom of the wave 
guide (just below the sample). By use of a control rod outside the 
dewar, the distance between the sample and the adjustable short 
(reflecting surface) could be adjusted, so that the position 
corresponding to the maximum microwave intensity at the sample could be 
set. The frequency of the microwaves was determined by measuring the 
distance between two (or several) nodes with an intensity detector. 
The microwave power input on the sample was controlled by two variable 
uncalibrated attenuators, one coarse and one fine. 
The electronics we used for this experiment was basically the same 
as were used for the vacuum tunneling experiment, which will be 
described in detail in Chapter 4. The only difference was a small I-V 
resistance of 1 to 10 ohms used for the Josephson tunneling I-V 
measurement with a standard bridge circuit applied to obtain a 
resistance scale for the derivative measurement, in contrast to the 
conductance scale for vacuum tunneling experiment. 
As a trial of the set up, the Josephson tunneling experiment 
between a pure Nb block and a Nb pin was performed first. The block 
was clamped directly to the wave guide, and measuring wires were 
attached to the Nb block directly by silver paint. Nearly ideal 
Josephson (Shapiro) steps were obtained (Fig. 3.2); the supercurrent 
portion was nearly vertical. The actual measured V = 0 resistance was 
less than 1/500 ohms: such a small residual resistance was probably due 
to the three point measurement, i.e., the resistance for the short two 
inches lead to the Nb pin from the terminal board just above the sample 
position. The several curves in this figure correspond to a difference 
in microwave intensity settings, the higher the curve, the larger the 
microwave power. 
It can be seen that the steps rise quite vertically although the 
horizontal part is not so flat. R// is roughly measured to be 0.00122 
ohms. Rp values, are different from step-to-step, but a typical value 
is around 3.6 ohms (taken from the curve with lowest microwave 
setting). Substituting these values into Eq. (3.18), we have Rg ~ 
0.00122 ohms, that is, the only contribution to the resistance of the 
vertical rise is from Rg, since Rg is so small in comparison with Rp. 
Fig. 3.2. Josephson tunneling measurement on the Nb sample, as a test of the set up. The 
supercurrent branch shows a resistance less than about 0.5% of the ohmic part. The 
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Due to the small value of Rg in comparison with Rp and R^, from Eq. 
(3.17), we can see that the correction factor is very close to 1. In 
the present case, the correction factor is measured to be 0.997. 
Hence, Fig. 3.2 can be used to measure the microwave frequency in an 
even more accurate sense. The width of the Josephson step is measured 
to be 53.0 wV; after multiplying by the correction factor, the width 
becomes 52.8 uV. Using Eq. (3.13), we have v = 25.5 GHz, which is 
close to the 25.2 GHz value we claimed before. 
Results and Discussion 
The Josephson tunneling current measured between the Nb pin and 
LiTi204 sample at 4.2 K with and without microwave power is shown in 
Fig. 3.3 revealing the splitting into Shapiro steps. Pig. 3.4 displays 
the differential resistance curve dV/dl corresponding to the "power on" 
I-V curve of Fig. 3.3. The resistance level of the junction is 
approximately 2 ohms; note that the differential resistance at the step 
transitions falls to about 0.0550, or a reduction by a factor of 40. 
The average spacing V determined from the 11 central negative 
peaks in dV/dl is 54.2 yV, which is in excellent agreement with 52.7 mV 
obtained from V = hv/2e, with v = 25.5 GHz measured from the Nb-Nb 
point contact experiment mentioned in the previous section. 
The sample after the experiment was investigated with Auger 
microprobe to confirm that there was not any trace of Nb on the 
surface. This eliminated the unlikely chance that the Josephson steps 
were due to tunneling between the Nb pin and a possible Nb residue left 
by the pin on the surface. 
Fig. 3.3. I-V curves, (1) no microwave, (2) 25.2 GHz microwave signal at 4.2 K for LiTi20^ - Nb 
point contact Josephson junction. The average spacing V determined from the 11 
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Fig. 3.4. Derivative dV/dl measured under conditions of 25.2 GHz irradiation as in trace 2 of 
Fig. 3.3. The spacing of the negative peaks in dV/dl, equals V = hv/2e (with an error 







We attribute the 3% discrepancy between the measured spacing V and 
hv/2e to parasitic series and parallel resistances previously observed 
and analysed for polycrystalline electrode in Ref. [42]. Assuming the 
validity of the agreement of Pals and van Haeringen [44], the 
occurrence of p-wave superconductivity in LITI2O4 would give In our 
experiment a step spacing of 26.2 pV which is well beyond the estimated 
experimental error. Hence, we are led to conclude that the pairing in 
superconducting LiTi20^ is of the s-wave type, as in Nb. 
Although s-wave pairing is strongly favored, it is not clear what 
implication our Josephson tunneling result alone may have for the 
possibility of a blpolaronic form of superconductivity in LITI2O4. To 
our knowledge, Josephson tunneling between BCS and blpolaronic 
superconductors has not been discussed theoretically. As a 
continuation of our effort to study the superconducting mechanism in 
LITI2O4, the quasipartlcle tunneling experiment was performed. The 
details and results of the experiment will be discussed in Chapter 4. 
Although the spurious V = 0 supercurrent residual resistance was 
quite small in this particular run, it could be large in many other 
runs. There are many possible sources for such a residual resistance. 
The three terminal measurements, the resistance of the copper loaded 
diallyl phthalate sample holding block at low temperature, the contact 
between the sample and the holder, and the grain boundaries within the 
sample: all could contribute to the residual resistance. As we pointed 
out before, the three terminal set up itself could only contribute very 
small. It seems to us that such a residual resistance is a common 
feature of point contact experiment. Independent of the method of 
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sample mounting. Such a resistance had also been observed separately 
by Pals and Graat [42], Wolf et al. [48] and Han et al. [49]. There is 
no satisfactory and complete explanation to such an effect yet. 
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CHAPTER IV. VACUUM TUNNELING EXPERIMENT 
Artificial Barriers and Vacuum Tunneling 
Tunneling phenomena are direct consequences of quantum mechanics, 
which allows the possible existence of a particle in the classical 
forbidden region, although the probability is exponentially decaying. 
Giaever [50] first applied tunneling to confirm the density of states 
and temperature dependence of the superconducting energy gap predicted 
by BCS theory. The idea was that the electrons could be transferred by 
quantum mechanical tunneling between two conducting electrodes even 
though they were separated by an insulating layer. The probability of 
tunneling fell exponentially with the distance of separation, and 
depended on the details of the insulating material. 
The current for normal-superconducting tunneling is given as 
where Gj,^ is the conductance of the "ohmic" region. Taking the 
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Therefore, the conductance measurement gives a direct measurement on 
the density of states at low temperature limit. At finite 
temperatures, the thermal effect smears out the peak by ~ kT (Fig. 
4.1(a)). The differential conductance at V = 0 is related 
exponentially to the width of the gap. For kT « A, 
Gnn 
2nA 
= ( ) exp (-A/kT) (4.4) 
v=0 kT 
For superconducting-superconducting tunneling, Eq. (1) must be modified 
for the superconducting property of the other electrode, 
I - — ss ~ 
e 
|E| |E + eV| 
[f(E)-f(E+eV)ldE (4.5) 
[E2-A{]l/2 [(E+eV)2-A%]l/2 
At T = 0, it can be seen that no current can flow until eV = A^ + A2. 
For eV > Aj^ + A2, a hole was created on one side, and an electron on 
the other side. The increase of Igg at eV = A^ + A2 is discontinuous 
even at finite temperatures. At T > 0, because of thermally excited 
quasiparticles, current flows even for eV < A^ + A2. We should expect 
for a peak at eV = | A^ - A2I, since at such a bias voltage, the 
thermally excited quasiparticles in the peak of density of state at Aj 
Fig. 4.1. I-V characteristic curves and their derivatives for 
tunneling junctions 
(a) Characteristics of normal-superconductor tunnel 
junctions. Left: I-V characteristics. Right: 
Differential conductance. Solid curves refer to T = 0; 
dashed curves, to a finite temperature 
(b) Superconductor-superconductor tunneling characteristic. 
Note that for T > 0 there are sharp features 
corresponding to both the sum and difference of the two 
gap values. The peak at 1^2-^2| would actually be a 
logarithmic singularity in the absence of gap anisotropy 
and level broadening due to lifetime effects 
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may tunnel into the peaked density of available state at 62' Notice 
that there is a negative resistance region (dl/dV < 0) for |- 621 < 
eV < Û1 + A2 (Fig. 4.1(b)). In order to observe this region, a 
constant voltage source for the bias voltage is necessary. The 
conventional current source will certainly introduce instability to the 
measurement, since a single value of current corresponds to three 
different values of voltage in that region. As we will mention later, 
one of the advantages of vacuum tunneling is that the junction voltage 
can easily be driven by a constant voltage source, which makes vacuum 
tunneling a very convenient method for tunneling between two different 
materials. The sharp features at |6^ - ^2| and 62+^2 could be used 
to calculate ^^(T) and /^(T) easily from the tunneling curves. Because 
of the sharp peaks of densities of states at the gap edges of both 
materials, the superconducting-superconducting tunneling method is 
superior to the normal-superconducting method in determining the energy 
gap. 
Giaever [50] developed the technique of making tunneling junction 
with the barrier formed by exposing an evaporated film of A1 or Pb to 
the atmosphere to form an oxide layer of about 20 Â. With such a 
structure, an I-V curve with nonlinearity that agrees with BCS theory 
was observed. For a tunneling junction structure like this, the 
electrode to be oxidized must be flat and clean, and most important, 
the material chosen should be able to form an uniform oxide layer 
easily. For these reasons, materials which can be studied by the 
conventional tunneling technique are quite limited. 
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In order to extend the method to a wider range of materials, 
Adkins [51], Mauser [52] and Mauser et al. [53] introduced the 
technique of covering an Nb film with 20 Â of Al, and then oxidized the 
A1 film totally to form an "artificial barrier" between the Nb film and 
electrode. Other metals such as Mg [54] and Er-Lu [55] have also been 
used for making such "artificial junctions." 
Another way to make artificial barrier was to evaporate the 
insulating layer directly on the electrode. This method was used in 
the study of A-15 superconductors [56-58]. Other types of materials 
have been used to make artificial barriers like this, such as amorphous 
carbon, Ge, CdS, CdSe, and InSb, etc. 
Another different approach to the problem was using heavily 
anodized tips of Nb, Ta, or Al to make tunneling on NbgSn, V^Si, and 
VgGe [59], or using an etched degenerate semiconductor point so that a 
Schottky barrier was formed between the semiconductor and 
superconductor. This Schottky barrier method was first introduced by 
Rowell and Chynoweth [60]. Later, Tsui [61] used a single crystal p-
GaAs doped with carrier concentration 2 x lO^^/cm^ to perform tunneling 
experiments on Pb. Good gap structure and second-derivative d^I/dV^ 
were observed. 
A totally different way to produce the tunneling barrier is known 
as "vacuum tunneling": the method we used on LiTi20^ belonged to this 
category. Young et al. [62, 63] were the ones who pioneered the work 
in vacuum tunneling., They used a piezoelectric crystal to control the 
motion of a tip so that the tip could approach the sample gradually, 
and they claimed observation of transition from field emission to 
metal-vacuum-metal tunneling as the tip approached the sample. 
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Later, Binnig et al. [64-66] use the same method, but a different 
construction' to prevent vibrational problems, and added an x-y scanning 
capability. They successfully observed the 7x7 reconstruction on Si 
(111) surface, opening an exciting new era of the so-called scanning 
tunneling microscope. Elrod et al. [67] applied the technique of 
scanning microscope to low temperature and used it to.make I-V 
tunneling measurements on NbgSn. 
Besides the scanning tunneling microscope, there were other 
methods to do vacuum tunneling experiment. Some examples were Thompson 
and Hanrahan [68] and Teague [69]. One of the outstanding designs was 
from Moreland and Hansma [70], who used an electromagnet to squeeze two 
slides with the thin film sample in between, so that the electrodes 
approached each other slowly, until tunneling occured. This was the 
method we adapted to the bulk sample LiTi20^. 
It is worthwhile to emphasize the difference between Moreland's 
method and the scanning tunneling microscope. Most important of all, 
the tip in the scanning tunneling microscope can move transversely, but 
not in the squeezable junction technique. Secondly, because of the 
longer probing pin, and the fact that it is movable along the tip 
direction, we can expect the vibrational problem to be more serious in 
scanning tunneling microscope. Actually, the bending mechanism used in 
the squeezable junction was especially designed to make the junction 
more mechanically stable. In our experimental set up, we spent minimum 
effort in handling vibrational problems, and the junction holder was 
simply dipped into the liquid helium, but the system was still stable 
enough to make accurate I-V and dl/dV measurements. 
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Experimental Set Up 
The "squeezer" for the vacuum tunneling experiment has the same 
structure as that used by Moreland and Hansma [70]. As shown in Fig. 
4.2, it consists basically of a gap screw, an electromagnet, and a 
plunger. The electromagnet was magnetized by a Nb-Ti superconducting 
coil of 700 turns. The sample slides were placed between the gap screw 
and the plunger, when a current was applied to the coil, the plunger is 
pulled upward and bends the slides until tunneling occurs. 
The squeezer containing the magnet coil has a diameter of about 3 
inches, together with the bottom plate of the plunger. Both pieces 
were made of soft iron for low hysteresis effect. All other parts were 
made of brass to prevent magnetic induction. The knife edge diameter 
of the plunger was 1.2 inches, while the gap screw has an edge diameter 
of 0.2 inches. 
The magnetic force depends primarily on two parameters, the magnet 
current I and the space distance d between the magnet and the plunger 
bottom plate, d can be changed by screwing the bottom plate along the 
plunger threads, it needs to be set and fixed by small pieces of tape 
before the squeezer is put inside the cryogenics together with the 
sample. Caution is needed so that the plunger does not touch the wall 
of the magnet, otherwise, frictional force would make tunneling 
difficult to attain. The gap was set to 1 mm for most of the 
experiment. The separation can be known by counting the number of 
turns in withdrawing the plunger. 
The magnetic force was given by Moreland [71] as 
Fig. 4.2. Magnetic junction squeezer, after Moreland and Hansma [70]. 
Junction SJ is gently clamped, using gap screw GS, between 
upper and lower circular knife edge surfaces K. Alignment 
is facilitated by observation through hollow gap screw GS. 
Incremental squeezing force is generated by upward magnetic 
force on the circular soft iron endplate EP, transmitted to 
the lower knife edge by rigidly attached plunger PL, which 
passes without contact through the soft iron body B of 
magnet. Superconducting coil C generates magnetic induction 
in the B-EP flux circuit which must cross 1 mm air gap 
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we found that the force and current obeyed a linear relationship rather 
than a quadratic relationship (Fig. 4.3). Data points were taken by 
adding known weights to the plunger and increasing the current until 
the plunger was pulled up. Each milliatnpere of current produced 
roughly 0.037 N of force. The magnetic field within the gap was also 
measured with a Hall probe (Fig. 4.4), it was found that each 
milliampere of current produces à field of about 0.45 Gauss. 
Separation Z(r) as a function of the distance to the center of the 
junction r, was given by Moreland [71], as 
Z(r) = Z(0) + SZ(r) (4.7) 
3F(m2-l) YQ , A 3m+l 000 
Z(0) = h - r-T— [ a/ln — yfln — + (2a^-rg-rf)J (4.8) 
ZnEt^m'^ a 2(m+l) 
3F(m^-l) a^ m-1 a^ r? 
6Z(r) = r X [In + ( -— +-— )] (4.9) 
ZnEt^m'^ rjrQ 2(ra+l) VQ ar 
where t is the slide thickness, E, the modulus of elasticity of the 
slide, m, the reciprocal Poisson ratio, h, the spacer thickness, TQ, rj 
are the radii of the plunger and the tab screw, respectively, a is the 
distance between the spacers. 
The cryogenic system was just a pair of glass liquid nitrogen and 
liquid helium dewars. Since the sample squeezer was dipped directly 
Pig. 4.3. Empirical current - force relationship for the squeezable junction holder. It can be 
seen that the points roughly follow a linear relationship. At a separation of 1.6 mm, 
each milliampere of current produces a force of 0.037 N 
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Fig. 4.4. Magnetic field - current relationship for the squeezable 
junction holder, machined from high purity iron. The field 
was measured by inserting a Hall probe in the flux gap 
between endplate and sample holder body. Each mA of current 
produces a field of 0.45 G 
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into liquid helium, dust particles had a chance to damage the sample. 
The temperature could be lowered to 1.2 K by pumping the liquid helium. 
The electronics of the system consisted of two main parts, the 
current power supply for the electromagnet, and the measurement system. 
To minimize the noise during measurement, all electronics except some 
instruments like oscilloscope, X-Y plotter and lock-in amplifier used 
car batteries as power supply. 
The task of the current power supply was to provide a steady and 
precise adjustable constant current to the electromagnet. The circuit 
was basically a voltage to current conversion with the use of an 
operational amplifier. Because the current drawn by the electromagnet 
was of the order of 0.4 A to 1 A, the operational amplifier needed a 
high power, high current rating. The Burr Brown 3575 was chosen for 
this purpose. 
A Leeds-Northrup K-3 potentiometer was used to provide a precisely 
adjustable and stable reference voltage Vj.g£ to the noninverted input 
of the operational amplifier. The output current was kept constant in 
accordance to Vj.g£ with the use of a sampling resistance R. 
R 
R was chosen to be 100 in this experimental set up (Fig. 4.5). 
The current through the magnet was measured directly with an 
ammeter for most of the cases. In some special tests, a high 
resolution voltmeter was used to measure the voltage across the 
sampling resistance R. It was shown that the current was adjustable 
Fig. 4.5. The current supply for the electromagnet consisted of a current feedback circuit with 
a high current, high power operational amplifier. À Leeds-Northrup K3 potentiometer 
was used to produce a precisely adjustable reference voltage for the amplifier. The 
current, which could be measured directly with an ammeter or by measuring the voltage 
across the 10 ohm resister, vas stable to at least 1 part out of 10000 
Magnetic Current 
Source 












and stable to at least 0.01 mA. A maximum current of 1.2 A can be 
drawn from the supply. 
Cautious steps were taken to prevent damage of the circuit by the 
back e.m.f. from the magnet when the circuit was turned on and off, or 
when there was an abrupt change in Vj.gf. Many samples were broken by 
the circuit transient due to the magnet back e.m.f. Besides the built-
in current limiting feature of the operational amplifier, we also used 
two variable resistors connected in parallel and in series with the 
sample to slow down the sudden change when the circuit was turned on 
and off. 
The measuring system could perform I-V and dl/dV measurement for 
tunneling. A constant bias voltage was used to apply across the 
junction and the sampling resistance R (Fig. 4.6). The junction bias 
could be measured across the junction through a pre-amplifier. Because 
the junction resistance was in general quite high (of the order of 100 
kS), a high input impedance pre-amplifier was necessary to isolate the 
junction from the voltmeter or X-Y recorder. The sweeping bias was 
generated by an integrating circuit, which is not shown in the diagram. 
The current through the junction could be known by measuring the 
voltage across the sampling resistance R through a high input impedance 
pre-amplifier. Again, a pre-amplifier was used to separate the 
measuring device from the high resistance junction. It also acted as a 
pre-amplifying stage for the small current signal (of the order of 10 
nA). 
As pointed out by Blackford [72], it is difficult to make a 
conductance measurement for a conventional junction, due to the lead 
Fig. 4.6. I-V and dl/dV-V measurement circuit for vacuum tunneling. The bias voltage was 
measured across the junction, the current determined from the voltage drop across the 
sampling resistor R. By applying a small oscillating voltage SVsinut across the 
junction, and detecting the signal across R with a lock-in amplifier, dl/dV can be 
measured 
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resistances. But the large resistance of vacuum tunneling junction 
compared to the lead resistance makes the corrections considered by 
Blackford et al. negligible. 
In order to measure the dl/dV curve, a small modulation SVsincwt 
is added to the bias voltage V. Hence, the modulation across the 
sampling resistor is given as 
R 
8VR = SV • (4.11) 
R+RJ 
where Rj is the junction resistance. All other lead resistances can be 
neglected, since Rj is very large. If we choose R « Rj, 
R dl 
SVN ~ 6V • —= 6V- R • — (4.12) 
Rj dV 
Therefore, if a lock-in amplifier is used to detect the signal 5V^ at 
the corresponding frequency w, the signal is proportional to dl/dV, the 
conductance of the junction. 
Two types of junctions have been tried during the experiment. The 
layout of the electrodes were shown in Fig. 4.7(a). The first type was 
a thin film - thin film single junction, of the same configuration as 
that used by Moreland and Hansma [70]. The overall result for these 
samples were satisfactory. Two types of electrode material were tried, 
namely, lead-lead and MoRe-MoRe. The second type, and the most 
important of all, we have successfully extended the squeezable vacuum 
tunneling technique for tunneling between a bulk sample and a thin 
Fig. 4.7. Assembly of vacuum tunneling junctions 
(a) Left: Electrodes for thin film vacuum tunneling 
experiment. The junction occurs at the crossing of the 
strips, with the four evaporated Pb disks as spacers. 
Right: Electrodes for bulk sample vacuum tunneling 
experiment. The sample is mounted in the central hole P 
using Stycast epoxy 
(b) Assembly of vacuum tunneling bulk sample. The sample 
was fitted into the hole with the tip at the plane of 
glass slide, and glued to the slide with Emerson-Cumming 
stycast. The sample surface could be brought to 10 Â of 
the counterelectrode by bending the slides with the 
magnetic force from the squeezable junction holder. F 
indicates radii of force application to distort slides 
and adjust tunneling distance 
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film. A lead film was used as counter electrode most of the time. 
This allowed us to make vacuum tunneling measurements on the unusual 
superconductor LiTi20^, which was the main topic of this thesis. 
Unfortunately, the temperature capability of the cryogenics was not low 
enough for us to try some other more interesting materials, like heavy 
fermion system. 
All lead films and spacers were evaporated within a small, simple 
glass jar vacuum chamber, equipped with a diffusion pump, which could 
produce a vacuum of 2 x 10~® Torr within several hours, and such a 
vacuum could be maintained throughout the evaporation process. The 
evaporation rate was about 10 A/s. 
The chamber was placed in front of a laminar flow table, also the 
vent of the chamber was connected to a dust filter. Effort had been 
spent to make the atmosphere as "dust-free" as possible. As will be 
discussed in the following section, even though we had taken 
precautions, there were still some dust particles trapped within the 
slides every time. 
The glass slides were cleaned with a detergent with brand name 
Chemsolv. The slides were held in a vertical position in an ultrasonic 
bath, then rinsed with deionized water. The next step was to boil and 
ultrasonically agitate with acetone, then with methanol. The methanol 
was in general from a new bottle, to prevent exposure to air and hence, 
absorption of dust. The clean glass slides were then put into the 
vacuum chamber as fast as possible, and evacuation started. The lead 
beads used for evaporation were not pre-cleaned. A shield was used to 
cover the sample slides at the beginning of evaporation. It would be 
taken away after a steady rate of evaporation had been established. 
The electrode and the spacers were evaporated together up to 1000 Â. A 
shield was then added to cover up the electrode, and the evaporation of 
the spacers continued up to the appropriate thickness. 
In general, the thickness of the evaporated electrode was 0.1 pm, 
while the thickness of the spacers was 1 ym for thin film-thin film 
vacuum tunneling. For bulk samples, the thickness of the 
counterelectrode was 0.1 wm, while that of spacers varied from sample 
to sample, ranging from 0.3 pm to 1 pm. 
A special mounting was made to mount the small bulk sample into a 
hole in the center of the glass slide. The hole in the slide was 
drilled by carbide or diamond drills. Another flat slide with a 3000 Â 
aluminum coating was made. The sample slide with a hole in it was then 
placed on the coating, with precautions to prevent trapping of dust 
between the slides. The two slides were then pressed together by 
springs (Fig. 4.8). The sample was put into the hole and lightly 
pressed toward the coating by the weight of the brass rod. A small 
current was used to monitor the sample condition to make sure that it 
was making contact with the aluminum coating. The sample was then 
glued with Emerson-Cumming Stycast, cured for twenty-four hours (Fig. 
4.7(b)). After rinsing with methanol from a new bottle, the sample was 
put inside the vacuum chamber for evaporation of spacers. 
Fig. 4.8. Holder for mounting polycrystal in the glass slide. The two slides were clamped 
together by springs, and the sample was pressed towards the aluminum coating through 
the hole by the weight of the brass rod. Contact between the sample and the coating 






Results and Discussion 
Three types of materials were successfully measured with the 
vacuum tunneling technique, namely, Lead, MoRe, and LiTi20^. One other 
material Lu2Si3Peg was also tried with this technique, but no 
satisfactory result was obtained. The significant difficulties in this 
case will be discussed later. 
The first successful trial for the set-up was thin film-thin film 
vacuum tunneling for Pb. The I-V and dl/dV curve was shown in Fig. 
4.9. Using the McMillan-Rowell construction method [73], the gap value 
of lead was measured to be 1.425 mV. As can be seen from other data, 
the Pb gap values were consistently somewhat larger than the well-
accepted value of 1.39 mV. We believed that it was due to the 
intrinsic property of the lead sample we made. 
Phonon structures were observed at energies of about 6.5 mV and 
11.5 mV, which are consistent with the results of McMillan and Rowell 
[73]. The phonon signals were weak, but this implied that the system 
was stable enough for phonon structure measurement. It should be noted 
that the junction resistance was quite large, of about 81 kS, a typical 
value for vacuum tunneling junction. 
The next sample we tried was the tunneling between two MoRe thin 
films. The thin films were made by the d.c. sputtering method, and 
then covered with an aluminum layer of about 40 A. The average of the 
two energy gaps of the samples were measured to be 1.05 mV from the I-V 
curve at a temperature of 1.2 "K (Fig. 4.10). The step at 0.85 mV was 
probably due to the existence of second phase in the film we made. It 
Fig. 4.9. I-V and dl/dV-V characteristic for Pb-Pb vacuum tunneling as a test of the instrument. 
The gap of Pb was measured to be 1.425 mV from the I-V curve. The phonon peaks of Pb 
can be clearly seen in the derivative curve 
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Fig. 4.10. I-V and dl/dV-V curves for vacuum tunneling between two MoRe films at 4.2 K. The 












can be seen that the derivative curve was not accurately symmetric 
about zero bias. This was apparently due to the instability of the 
junction, that is, the junction apparently changed gradually as the 
bias voltage was slowly swept to give the derivative curve. 
According to Shum et al. [74], the energy gap value for Mo^.j^Rej^ 
thin film follows an exponential relation with the Re concentration. 
With an extrapolation of Shum's result, we estimated the Re 
concentration in this particular sample to be 17%. We found that the 
aluminum layer did help to stabilize the junction, probably due to the 
formation of an aluminum oxide layer, acting like a cushion in between 
the two electrodes. The effect of introducing a medium in between the 
slides to stabilize the junction was fully discussed in Ref. 17. 
We then applied the technique to measure the energy gap of the 
bulk of LiTi20^. This was the first time that the energy gap for 
LiTi20^ had ever been observed directly. The method of mounting the 
sample was discussed in previous section. Figure 4.11 shows I-V curves 
at 4.2 K on a LiTi20^ - Pb vacuum tunnel junction. The reasonably 
sharp rise (arrows) at + 4% = * ^ b ~ mV surely Indicates 
that the superconductivity of LiTi20^ is of the conventional BCS type. 
Making use of the reasonably clear difference of gaps, ~ ^b = 
0.66 mV, we obtain A I^JQ = 1.95 ± 0.03 mV and Apy = 1.29 ± 0.05 mV. 
These values are considered reasonable. (The conventional T = 0 value 
for Pb, 1.40 mV, is noticeably decreased at 4.2 K, or T/T^ = 0.58, to 
1.32 mV.) The data of Fig. 4.12 show a sum of gaps of 3.29 mV, and 
hence A^-jg = 1.97 ± 0.03 mV, if we adopt the conventional 4.2 K value 
1.32 mV for Apy. Our preferred value A^^Q = 1.95 + 0.03 mV gives 
Fig. 4.11. I-V curves for LiTi204-Pb vacuum tunneling at 4.2 K. By the McHillan-Rovell 
construction the sum of the tvo gaps and as indicated is ^   ^
= 0.66 mV, with a larger uncertainty in the latter value. The value of is taken 
as 1.95 ± 0.03 mV (see text) or 2û/kT^, = 4.00 ± 0.06, substantially larger than the 







Fig. 4.12. I-V and dl/dV-V curves for a second LiTi20^ - Pb vacuum tunneling junction at 4.2 K. 
* A value = 1.97 mV is obtained from this measured sum gap of 3.29 mV by adopting 





2û/kTç = 4.00 ± 0.06, which is substantially above the BCS weak 
coupling value 3.53, making LiTigO^ a strong coupling superconductor. 
Taking together with the conventional heat jump at [25], and the 
conventional Josephson tunneling measurement [75], these new 
quasiparticle tunneling data provides confirmation that the 
superconductivity of LiTigO^ arises from s=0 pairing of d-band lattice 
polarons, rather than from bipolarons. 
Fig. 4.13 and Fig. 4.14 show how the I-V curves changed as the 
magnetic current was varied for the MoRe - MoRe and LiTigO^ - Pb cases. 
It can be seen that the junction resistance R varies only slightly with 
the magnet current. Ideally, a small change in current can caused 
orders of change in R, due to the exponential relationship. This 
suggests that some dust had been trapped within the slides. 
The trapping of dust caused problems in applying the technique to 
measure tunneling barrier height of the sample. Theoretically, by 
assuming the relationship 
R « exp(-2Kt) (4.13) 
(4.14) K = 
2m(V - E) ll/Z 
r2 
From the slope of a In R vs t plot, x could be known, and hence, V 
could be calculated. But if some particles were trapped within the 
slides, or if there was any mechanical defects tending to stabilize the 
spacing between electrodes in the glass slides, t would be less 
strongly dependent on the magnet current. In our present case, if we 
Fig. 4.13. I-V curves for MoRe-HoRe vacuum tunneling at 1.2 K, with different values of magnet 


















Fig. 4.14. I-V curves for LiTi20^-Pb vacuum tunneling at 4.2 K, with different values of 
magnetcurrent (compressive force) 
I 







attempted to estimate the barrier height by the above method, the value 
would be orders of magnitude less than the expected value, of 0.1 to 1 
eV. 
Finally, it was worthwhile to point out that Lu2Fe3Si5 is a 
material suspected to be a triplet state superconductor. Efforts have 
been made to perform the vacuum tunneling experiment on this material, 
but until the date that this thesis was written, no satisfactory result 
has been obtained. We suspect that the surface of LiTi20^ had some 
insulating layer such as oxides or other types of impurity that helped 
the vacuum tunneling experiment. Such a layer may not exist for 
Lu^FegSig, which could account for the greater instability of the 
vacuum tunneling junction of this material. The same argument holds 
for the case of MoRe, where the coating of aluminum (which may produce 
an aluminum oxide layer) could make the vacuum tunneling more stable 
and hence easier to measure. 
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CHAPTER V. SUMMARY AND CONCLUSIONS 
LlTi20^ pellets were prepared by Johnston's method of sintering 
mixtures of LlTiOg, 1^204, Ti02 together in appropriate formula weights 
at a temperature of about 750 °C. Samples prepared in this way are not 
suitable for tunneling experiments because of their powder form and 
porous property. To overcome this difficulty, we further arc-melted 
the pellet, and annealed the arc-melted ingot for about two months, 
starting from a temperature of 1000 "C, gradually decreased to 750 *C, 
with the spinel-ramsdellite phase transition temperature in between. 
It was discovered that the conductive spinel phase could be recovered 
by such an annealing procedure. 
The quality of the samples were monitored by three 
characterization processes, namely, X-ray diffraction, a.c. 
susceptibility and density measurement. X-ray diffraction confirmed 
the desired spinel phase, with only a small amount of impurity phase in 
our samples, indicated by a weak peak at 20 ~ 25°. The lattice 
parameter was determined to be 8.4030 ± 0.0006 Â. This value is in 
good agreement with Johnston's value and implies a stoichiometric 
composition. The critical temperature T^ of the sample was determined 
by a.c. susceptibility methods to be 11.3 K with a width between 10 X 
and 90 % points of 0.6 K. This showed that most parts of the sample 
were superconducting at the correct critical temperature. We also 
measured the sample density. The value was 3.722 g/cm^, which 
accounted for 99.3 X of the theoretical value (3.729 g/cm^). These 
dense ingots are suitable for more sophisticated measurements, such as 
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conductivity measurement, photoemission spectra, and tunneling 
experiments. 
Josephson and conventional quasiparticle tunneling were performed 
to study the superconducting mechanism of LiTi20^. The pairing state 
was determined by observing the Josephson step width with microwave 
radiation. The Josephson junction was actually a point contact between 
a Nb pin and the bulk sample. The resistance level of the junction was 
approximately 2 ohms, and fell to about 0.05 ohm at the step 
transitions, reduced by a factor of 40. 
The average spacing of the Shapiro steps was determined to be 54.2 
MV, in moderate agreement with 52.7 pV obtained from V = hv/2e. Here 
V, the frequency of the microwave radiation, was determined to be 52.17 
GHz by another Nb-Nb point contact experiment. According to Pals' 
theory, the Shapiro step spacing for tunneling between two conventional 
superconductors should be hv/2e. If one superconductor is replaced by 
a triplet state superconductor, the step spacing should be reduced to 
hv/4e. Hence, despite the anisotropic d-band conducting electrons from 
the titanium ions, we can conclude that the pairing state of LiTi20^ 
belongs to the conventional s-type (1 = 0) superconducting state. 
Being stimulated by the proposed existence of bipolaronic 
superconductivity and the reported observation of a quasiparticle bound 
state in the LiTi20^ system, the "squeezable junction" method of 
Moreland and Hansma, with a slight modification, has been applied to 
study the superconducting energy gap of bulk polycrystals of LiTi20^. 
Besides the LiTigO^ sample, we also studied lead - lead and MoRe - MoRe 
thin film samples by vacuum tunneling with the same appararus, and 
obtained satisfactory results. 
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We obtained = 1'95 ± 0.03 mV and Apy = 1.29 ± 0.05 mV. These 
values are considered to be reasonable. Such a gap value of LITI2O4 
gives 26/kTg = 4.00 ± 0.06, which Is substantially above the BCS weak 
coupling value 3.53, making 111^20^ a strong coupling supercondutor. 
The squeezable junction technique of Moreland and Hansma has been found 
to be useful In obtaining superconducting gap characteristics of small 
polycrystal samples. 
The observation of an energy gap is contradictory to the gapless 
characteristic of the proposed blpolaronic superconductivity. Since 
the value of ZA/kT^ measured is much larger than the BCS weak coupling 
value 3.53, we can conclude that the superconductivity in LITI2O4 
belongs to the conventional singlet pairing state strong coupling BCS 
type. Furthermore, there is no evidence from these tunneling 
experiments to show the existence of quaslparticle bound state, as 
reported by Harrison et al. [28]. 
Finally, it is worthwhile to point out that the metal-insulating 
transition of spinel Lii+xTi2-x04 ( ^ < x < 1/3 ) system is still 
considered to be an interesting topic for further study, especially by 
our developed vacuum tunneling technique. Samples with different 
values of x need to be prepared for this purpose. Since the mass loss 
in our arc-melting process of LiTl204 is quite serious, it may be 
difficult to control and determine the composition value x. 
Unfortunately, since we have not attempted to synthesize samples with x 
/ 0, we are unable tq make further comments. 
108 
REFERENCES 
1. W. Meissner and R. Ochsenfeld, Naturvlssenschaften 21, 787 (1933). 
2. H. Frohlich, Phys. Rev. 79, 845 (1950). 
3. J. Bardeen, L. N. Cooper and J. R. Schrleffer, Phys. Rev. 108, 1175 
(1957). 
4. L. N. Cooper, Phys. Rev. 104, 1189 (1956). 
5. N. N. Bogoliubov, V. V. Tolmatchev and D. V. Shlrkov, A New Method 
in the Theory of Superconductivity (Consultants Bureau, New York, 
1959). 
6. W. L. McMillan, Phys. Rev. 331 (1968). 
7. D. J. Bishop, C. M. Varma, B. Batlogg, E. Bucher, Z. Fisk and J. L. 
Smith, Phys. Rev. Lett. 1009 (1984). 
8. D. E. MacLaughlin, C. Tien, V. G. Clark, M. D. Lan, Z. Fisk, J. L. 
Smith and H. R. Ott, Phys. Rev. Lett. 1833 (1984). 
9. S. Han, K. V. Ng, E. L. Wolf, A. Millis, J. L. Smith and Z. Fisk, 
Phys. Rev. Lett. 57, 238 (1986). 
10. H. R. Ott, H. Rudigier, T. M. Rice, K. Ueda, Z. Fisk and J. L. 
Smith, Phys. Rev. Lett. 1915 (1984). 
11. B. Batlogg, J. B. Remeika, R. C. Dynes, H. Barz, A. S. Cooper and 
J. P. Garno in Superconductivity in d- and f- band metals, edited 
by W. Buckel and W. Weber (Kernforschungszentrum Karlsruhe, 
Karlsruhe, 1982), p. 401. 
12. D. C. Johnston, J. Low Temp. Phys. W, 145 (1976). 
13. R. C. Lacoe, S. A. Wolf, P. M. Chaikin, C. Y. Huang and H. L. Luo, 
Phys. Rev. Lett. 48, 1212 (1982). 
109 
14. M. Sato, B. H. Grier, H. Fujishita, S. Hoshino and A. R. 
Moodenbaûgh, J. Phys. C 5217 (1983). 
15. I. A. Chernik, S. N. Lykov, and N. I. Grechko, Sov. Phys. Solid 
State 24, 1661 (1982). 
16. F. G. Aliev, N. B. Brandt, R. V. Lutsiv, V. V. Moshchalkov and S. 
M. Chudinov, JETP Lett. 539 (1982). 
17. G. R. Stewart, Z. Fisk and J. 0. Willis, Phys. Rev. B 172 
(1983). 
18. H. R. Ott, H. Rudigier, Z. Fisk and J. L. Smith, Phys. Rev. Lett. 
50, 1595 (1983). 
19. A. Alexandrov and J. Ranninger, Phys. Rev. B 1796 (1981). 
20. A. Alexandrov and J. Ranninger, Phys. Rev. B 1164 (1981). 
21. I. 0. Kulik, Physica 126B, 280 (1984). 
22. S. Lakkis, C. Schlenker, B. K. Chakraverty, R. Buder and M. 
Harezio, Phys. Rev. B M, 1429 (1976). 
23. D. Deschanvres, B. Raveau and S. Sekkal, Mat. Res. Bull. 6, 699 
(1971). 
24. D. C. Johnston, Ph.D. Thesis, University of California at San 
Diego, 1975. 
25. R. V. McCallum, D. C. Johnston, C. A. Luengo and M. B. Maple, J. 
Low Temp. Phys. 177 (1976). 
26. M. R. Harrison, Ph.D. Thesis, Oxford University, 1981. 
27. P. P. Edwards, R. G. Egdell, I. Fragala, J. B. Goodenough, M. R. 
Harrison, A. F. Orchard and E. G. Scott, J. Solid State Chem. 
127 (1984). 
28. M. R. Harrison, P. P. Edwards and J. B. Goodenough, J. Solid State 
Chem. 54, 136 (1984). 
110 
29. B. K. Chakraverty and C. Schlenker, J. De Physique Suppl. 353 
(1976). 
30. P. P. Edwards and M. J. Sienko, Acc. Chem. Res. 15, 87 (1982). 
31. T. Inukai, T. Murakami and T. Inamura, Thin Solid Films 94, 47 
(1982). 
32. T. Inukai, T. Murakami and T. Inamuna, J. Japanese Appl. Phys. 20, 
L264 (1981). 
33. S. Foner and E. J. McNiff, Jr., Solid State Commun. 995 (1976). 
34. B. D. Josephson, Phys. Lett. 1, 251 (1962). 
35. P. W. Anderson and J. M. Rowell, Phys. Rev. Lett. W, 230 (1963). 
36. P. W. Anderson and A. H. Dayem, Phys. Rev. Lett. 195 (1964). 
37. J. E. Zimmerman and A. H. Silver, Phys. Lett. 1^, 47 (1964). 
38. J. E. Zimmerman and A. H. Silver, Phys. Rev. 141, 367 (1966). 
39. P. H. Smith, S. Shapiro, J. L. Miles and J. Nicol, Phys. Rev. Lett. 
6, 686 (1961). 
40. J. R. Schrieffer, Theory of Superconductivity (W. A. Benjamin, 
Reading, 1964). 
41. S. Shapiro, Phys. Rev. Lett. H, 80 (1963). 
42. J. A. Pals and L. H. J. Graat, Phys. Lett. 56A, 487 (1976). 
43. J. A. Pals, Phys. Lett. 56A, 414 (1976). 
44. J. A. Pals and W. Van Haeringen, Physica B 92, 360 (1977). 
45. J. A. Pals, W. Van Haeringen and M. H. Van Maaren, Phys. Rev. B 15, 
2592 (1977). 
46. R. Balian and N. R. Werthamer, Phys. Rev. 131, 1553 (1963). 
47. R. J. Noer, T. P. Chen and E. L. Wolf, Phys. Rev. B 31, 647 (1985). 
48. E. L. Wolf, R. J. Noer, S. Han, K. W. Ng, T. P. Chen, D. K. 
Finnemore and L. Tanner, Physica B 135B, 65 (1985). 
Il l  
49. S. Han, K. V. Ng, E. L. Wolf, H. F. Braun, L. Tanner, Z. Flsk, J. 
L. Smith and M. R. Beasley, Phys. Rev. B 32, 7567 (1986). 
50. I. Giaever, Phys. Rev. Lett. 5, 147 (1960). 
51. C. J. Adkl'ns, Phil. Mag. 8, 1051 (1963). 
52. J. J. Hauser, Physics 2, 247 (1966). 
53. J. J. Hauser, D. D. Bacon and V. H. Maemmerle, Phys. Rev. 151, 296 
(1966). 
54. D. M. Burnell and E. L. Wolf, Phys. Lett. 90A, 471 (1982). 
55 C. P. Umbach, A. M. Goldman and L. E. Toth, Appl. Phys. Lett. 
81 (1982). 
56. D. F. Moore, R. B. Zubeck, J. M. Rowell and M. R. Beasley, Phys. 
Rev. B 20, 2721 (1979). 
57. J. Kwo and T. H. Geballe, Phys. Rev. B 23, 3230 (1981). 
58. K. E. Kihlstrom and T. H. Geballe, Phys. Rev. B 4101 (1981). 
59. H. J. Levinstein and J. E. Kunzler, Phys. Lett. 581 (1966). 
60. J. M. Rowell and A. G. Chynoweth, Bull. Am. Phys. Soc. 7, 473 
(1962). 
61. D. C. Tsui, J. Appl. Phys. 2651 (1970). 
62. R. Young, J. Ward and F. Scire, Phys. Rev. Lett. 922 (1971). 
63. R. Young, J. Ward and F. Scire, Rev. Sci. Instrum. 999 (1972). 
64. G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel, Appl. Phys. Lett. 
JW, 178 (1982). 
65. G. Binnig and H. Rohrer, Surf. Sci. 1^, 236 (1983). 
66. G. Binnig, H. Rohrer, Ch. Gerber and E. Weibel, Phys. Rev. Lett. 
120 (1983). 
67. S. A. Elrod, A. L. De Lozanne and C. F. Quate, Appl. Phys. Lett. 
1240 (1984). 
112 
68. W. A. Thompson and S. F. Hanrahan, Rev. Sci. Instrum. 1303 
(1976). • 
69. C. Teague, Ph.D. Thesis, N. Texas State University, 1978. 
70 J. Moreland and P. K. Hansma, Rev. Sci. Instrum. 399 (1984). 
71. J. Moreland, Ph.D. Thesis, University of California at Santa 
Barbara, 1984. 
72. B. L. Blackford, Rev. Sci. Instrum. 1198 (1971). 
73. W. L. McMillan and J. M. Rowell in Superconductivity II, edited by 
R. D. Parks (Marcel Dekker, New York, 1969), p. 561. 
74. D. P. Shum, J. Staudenmann, A. J. Bevolo and E. L. Wolf, submitted 
to Phys. Rev. Lett. 




I am deeply grateful to Edward Wolf, my major professor, for his 
patient guidance of my research work and kind support in my 
professional growth. Thanks are due to scientists Tar-Pin Chen and 
Hongjie Tao, who introduced the research field and related experimental 
techniques to me. Richard Brown in the machine shop provided very 
practical and useful help to me in machining the experimental setup. 
My thanks are also extended to Robert Shelton and Peter Klavins, 
for their very helpful assistance in preparing the samples and for 
measuring the T^. I am further indebted to Paul Hansma and John 
Moreland for their valuable discussion in the squeezable junction 
technique. The soft iron material used for the squeezable junction 
holder was provided free of charge by Uddeholm Corporation in Illinois. 
Their kind support to academic research is very much appreciated. 
Finally, group members Zheong Khim, Danny Shum, Siyuan Han, Bret 
Hess and Youwen Xu should be acknowledged, because they are happy 
people to work with. 
